In this paper, a new Ag nanoparticles (AgNPs)/graphene nanocomposites with polydopamine (PDA) as coupling agent was electrochemically synthesized and has been used as electrode modifications for the electrochemical detection of H2O2. The structural characterizations clearly showed that small sized and highly dispersed AgNPs were electrodeposited on reduced graphene oxide (RGO) with the help of PDA agent. The obtained AgNPs/PDA/RGO nanocomposites exhibited higher electrocatalytic activities toward reduction of H2O2 compared with the AgNPs/RGO composites without involvement of PDA. The AgNPs/PDA/RGO nanocomposites presented excellent electrochemical sensing performance for detection of H2O2 with wide linear concentration range, high detection sensitivity, good selectivity and excellent reprodutibility and stability. The successful application of AgNPs/PDA/RGO nanocomposites in human serum samples for the detection of H2O2 was also demonstrated.
INTRODUCTION
Hydrogen peroxide (H2O2), as an small molecule in living organisms, plays significant roles in brain function, such as serving as a signaling molecule in adjusting cellular processes [1] [2] . In addition, it can function as a measure of oxidative stress, and the abnormal level of H2O2 has been implicated in the initiation and progression of several neurodegenerative disorders, including Parkinson's disease [3] [4] [5] . Therefore, sensitive and selective detection of H2O2 with accuracy and rapid analysis time are of significant physiological and clinical importance. Among the various analytical techniques for H2O2, the determination of H2O2 based on electrochemical strategy has been a hot research topic of high priority [6] [7] [8] . Although enzyme based H2O2 sensors show advantages of high detection performance, the shortcomings [9] , consisting of high price, complicated immobilization procedure, and the weak stability, largely limit their widespread applications. Therefore, development of enzyme-free electrochemical H2O2 sensors has been aroused much research interest. While fabrication of nanomaterials with high electrocatalytic properties to promote the electrochemical reaction of H2O2 is essential for constructing electrochemical sensors with high performance.
Recently, with the fast development of nanotechnology, various nanomaterials especially noble metal nanoparticles (NPs), such as Au [10, 11] , Pt [12, 13] , Pd [14, 15] , Ag [16, 17] etc have been recognized as effective catalysts to improve the electrocatalytic redox kinetics of H2O2. Among these nanomaterials, silver nanoparticles (AgNPs) raised great concern due to their unique characters, such as low toxicity, cost-effectiveness, prominent conductivity and durable electrocatalytic activity [16] [17] [18] . It is supposed that AgNPs would enhance the electron transfer rate, and its functionality is expected to exhibit promising for construction of H2O2 sensors. When AgNPs are modified on conductive substrate, some of their physico-chemical properties, such as size, morphology, and dispersion degree, might affect the electrocatalytic properties [19] . Small sized nanostructures with uniform dispersion is commonly considered to have highly electrocatalytic activities. However, in the process of reduction of metal ions to synthesize AgNPs by chemical or electrochemical methods, metal colloids are prone to aggregate irreversibly to make some of active sites lose their specific function and interact incompletely with target species. To prevent the colloids aggregation, an effective way is exploiting protective species, for example, surfactants, polyelectrolytes and polymers [20] [21] [22] [23] [24] , which aims at formation of highly dispersed AgNPs and thus efficient electrochemical sensors. Therefore, the achievement of stable and surface dispersible AgNPs for detection of H2O2 is extremely desirable.
Polydopamine (PDA) has attracted extensive attention of scientific research since its discovery in 2007 as a novel material [25] . Recently, there are still rapid increasing researches focused on PDA and its derived materials around fabrication and potential applications in areas of environment, sensor, energy, and biomedicine [26] [27] [28] [29] [30] [31] . Apart from self-polymerization, dopamine monomer can also be electrochemically deposited onto conductive substrate to form PDA film [32] . After electrochemical overoxidation in alkaline solution, the PDA film is negatively charged and shows permselectivity toward cationic species but not to anionic ones. In addition, the PDA interfaces rich in catechol and amine groups provides the PDA chemical reactivity and abundant nucleation sites for dispersion and stabilization of metal NPs. Based on the above properties, the PDA film has the potential to serve as the coupling agents to AgNPs to improve its performance as electrocatalyst for sensitive analysis of H2O2.
In the present work, PDA was exploited as coupling agent on surface of reduced graphene oxide (RGO) for electrodeposition of highly dispersed AgNPs to enhance the electro-reduction of H2O2. Here, the dopamine monomer was electrochemically deposited onto RGO surface to form PDA. After overoxidation, the PDA film was negatively charged. Under the electrostatic force and the possible interaction between amine groups of PDA interface and Ag + ions in solution, small sized AgNPs with uniform dispersibility can be facilely electrodeposited onto PDA film, resulting in the formation of AgNPs/PDA/RGO nanocomposites. To illustrate the significant role of PDA film, the AgNPs/RGO composites without the participation of PDA was also prepared to compare their electrocatalytic properties toward H2O2 with that of AgNPs/PDA/RGO. Benefiting from the enhanced effect of PDA film, the AgNPs/PDA/RGO nanocomposites showed high performance for amperometric detection of H2O2.
EXPERIMENTAL SECTION

Reagents and apparatus
Dopamine, Silver nitrate, hydrogen peroxide and all other chemicals were purchased from aladdin regent Co. and used as received. Graphite oxide (GO) was obtained from Nanjing XFNANO Materials Tech Co., Ltd. A 0.1 M phosphate buffer solutions (PBS, pH 7.0) made from the salts Na2HPO4 and KH2PO4 were employed as the supporting electrolyte. Unless otherwise stated, water used throughout all experiments was purified with the Millipore system (18.2 MΩ cm).
Scanning electron microscopy (SEM) was conducted by Hitachi SU8010 (Hitachi, Japan) for characterization of surface morphology. Fourier transform infrared (FTIR) spectroscopy (TENSOR37) was performed to characterize the functional groups of GO and PDA/RGO materials. Electrochemical experiments were performed on a CHI 660D electrochemical station (CHI Instruments Inc., USA). A conventional three-electrode system consist of the AgNPs/PDA/RGO modified glassy carbon electrode, a Pt wire and a saturated calomel electrode (SCE) as the working, counter and reference electrodes, respectively.
Preparation of AgNPs/PDA/RGO nanocomposites modified electrode
Before use, a bare GCE with a diameter of 3 mm was polished with 1.0, 0.3 and 0.05 m alumina powder respectively and then ultrasonically cleaned in water. First, 10 μL 1 mg mL -1 GO aqueous dispersion was dispersed onto the polished GCE to obtain the GO modified electrode. Then, the obtained GO modified electrode was immersed into solutions containing the deareated 5 mM dopamine and 60 mM PBS (pH 7.0) and scanned 50 cycles in the potential range from -0.6 to 0.5 V at a scan rate of 100 mV/s. After washed copiously with water, the above electrode was immersed again into PBS solution, and a 40 cycles was performed with the same potential window as above. Last, the modified electrode was switched to a deareated 0.5 M NaOH solution and scanned six cycles from -1.25 to 0.8 V at a scan rate of 50 mV/s to overoxidize the formed PDA film. After rinsed with water, AgNPs was further modified by electrodeposition under a constant potential of -0.6 V in electrolyte solutions of 0.1 M KNO3 containing 5 mM AgNO3 for an optimal time of 180 s. This electrode was denoted as AgNPs/PDA/RGO modified electrode. For comparison, AgNPs/RGO modified electrode was prepared using the same procedures as above except for electrodeposition of PDA film and its overoxidation.
RESULTS AND DISCUSSION
Synthesis and characterization of modified electrodes
In the current study, a simple and green electrochemical synthesis strategy was used to prepare AgNPs/PDA/RGO nanocomposites. The whole procedures for preparation of the AgNPs/PDA/RGO nanocomposites are schematically illustrated in Scheme 1. First, the dopamine monomer was electrodeposited onto GO modified electrode by CV technique. During this process, PDA film was covered onto electrode surface, meanwhile, the GO was partly reduced to RGO. After overoxidation in NaOH solution through CV method, the reduction degree of GO is supposed to increase, and the overoxidized PDA film is reported to behave like a permselective membrane to selectively transport cationic species but inhibit anionic ones, due to its negative charge [32] [33] [34] [35] . When the PDA/RGO composites was subsequently immersed into silver precursor, under the electrostatic force and the possible interaction between amine groups of PDA film and Ag + ions in solution, small sized AgNPs with uniform dispersion can be facilely electrodeposited onto PDA film, resulting in the formation of AgNPs/PDA/RGO nanocomposites. During the electrochemical reduction of Ag + to Ag 0 , PDA film acts as not only a stabilizer to disperse Ag nanocrocrystals but also provides plentiful nucleation sites for the growing of AgNPs with aboundant loading and good dispersity. Scheme 1. Schematic illustration of the procedures for preparing the AgNPs/PDA/RGO nanocomposites.
FTIR analysis
As shown in Fig. 1 , the line b is the FTIR spectrum of GO. The GO characteristic bands are present at 1730 cm -1 (C=O stretching in carboxylic acid and carbonyl moieties), 1410 cm -1 (C-OH stretching) and 1055 cm -1 (C-O stretching) [30, 36] . The line c is the FTIR spectrum of PDA/RGO composites. Obviously, the characteristic absorption bands of oxygen functionalities, such as the bands at 1730 cm -1 and 1055 cm -1 , are decreased in some extent compared to GO, indicating the partly reduction of GO in PDA/RGO composites. Meanwhile, new bands are observed at 1518 cm −1 (N-H shearing vibration) [28] and 1577 cm −1 (the benzene skeleton vibration of PDA) [37] , which confirms success in obtaining PDA functionalized RGO. 
Morphology characterization
The SEM images of electrodes modified with materials of GO (a), PDA/RGO (b), AgNPs/PDA/RGO (c) and AgNPs/RGO (d) were given in Fig. 2 . It can be seen that the GO (Fig. 2a) shows representative structure with wrinkled nanosheets [28, 38, 39] . After modification with PDA molecules, a thin layer of PDA films is covered onto RGO surface (Fig. 2b) . When AgNPs are further electrodeposited on electrode, it is observed to be homogeneously dispersed on PDA/RGO surface without any aggregation (Fig. 2c) . The AgNPs sizes have a diameter ranging from 10 to 20 nm, with an average diameter of about 15 nm. In contrast, in the absence of PDA, the AgNPs formed by the same electrodeposition method have no uniform sizes and aggregation can be distinctly found. In addition, the sizes of AgNPs increased significantly to even 100 or 200 nm (Fig. 2d) . These results suggest that PDA plays a vital role in the formation of small sized and uniformly dispersed AgNPs. The thin layer of PDA film on RGO is utilized as coupling agent that acts to adsorb and bind the Ag + through the electrostatic force between Ag + and the negatively charged PDA film and the possible interaction between amine groups of PDA and Ag + ions. These interactions restrict the particle growth during reduction, resulting in high dispersion of AgNPs [40] . The SEM images have verified that AgNPs deposited on PDA/RGO surface can produce small sized, uniform and intensive distribution of AgNPs. Here, the role of PDA on RGO surface is similar with poly(ionic liquid) functionalized graphene sheets in the formation of AgNPs [20] . 
EIS characterization
EIS was used to study the electric conductivity of the electrodes modified with each layer of materials, through the survey of the charge-transfer resistance (Rct) at the interface of electrode and electrolyte. 3-/ 4-at the interface of electrode, and the diameter is equivalent to the Rct value [41] . As observed, upon modification of GO nanosheets on electrode surface, a significant largest Rct value appeared due to the low conductivity of GO and the inhibition effect toward Fe(CN) 6 3− /Fe(CN)6 4− arising from plenty of negatively charged oxygen-containing groups on GO surface. With the subsequent electrodeposition of PDA films, the Rct value of PDA/RGO modified electrode significantly decreased, probably because of the prominent electrical conductivity of the formed PDA films and the restorative electronic structure of RGO material caused by partially electrochemical reduction of GO [36] . Finally, the further decoration of AgNPs to form AgNPs/PDA/RGO modified electrode, an obvious decrease of Rct value was observed by comparison with PDA/RGO modified electrode, suggesting that the introduction of AgNPs indeed enhance electron transfer efficiency of AgNPs/PDA/RGO nanocomposites. These results indicate the feasibility of the AgNPs/PDA/RGO nanocomposites for designing a highly efficient electrochemical sensor. 
Electrocatalytic performance of AgNPs/PDA/RGO nanocomposites toward H2O2
The electrocatalytic performance of AgNPs/PDA/RGO nanocomposites toward reduction of H2O2 was assessed by comparing its CV response with electrodes such as the bare electrode, PDA/RGO and AgNPs/RGO modified electrodes in 0.1 M pH 7.0 PBS with absence (black lines) and presence (red lines) of 5 mM H2O2. As shown in Fig.4 , at the bare electrode (Fig.4a) , the reduction of H2O2 starts from a potential of about -0.45 V from the comparison of CV curves in blank solution and analyte of H2O2, and the cathodic current of H2O2 is very small. While at PDA/RGO modified electrode (Fig.4b) , a more positive onset potential for reduction of H2O2 presents at -0.2 V, in addition, an enhanced cathodic current is found. This is ascribed to the good electrical conductivity and well electrocatalytic activity of PDA/RGO materials. For AgNPs/PDA/RGO modified electrode (Fig.4c) , it can be observed that the onset potential for reduction of H2O2 starts from -0.16 V, which is more positive than that of PDA/RGO modified electrode. Moreover, the cathodic current of H2O2 at AgNPs/PDA/RGO is obviously much larger than that of PDA/RGO modified electrode. Such results indicate the important role of AgNPs in AgNPs/PDA/RGO nanocomposites for performing excellent electrocatalytic properties toward H2O2. To illustrate the significant role of PDA film in preparing such highly efficient AgNPs/PDA/RGO based H2O2 sensor, AgNPs was directly electrodeposited onto RGO surface without the participation of PDA to obtain AgNPs/RGO modified electrode for comparison. As displayed in Fig.4d , the reduction of H2O2 at AgNPs/RGO modified electrode starts from -0.23 V, more negative than -0.16 V for AgNPs/PDA/RGO electrode, suggesting the superior electrocatalytic activities of AgNPs/PDA/RGO nanocomposites. The possible reason can be ascribed to the coupling effect of PDA films for facile deposition of AgNPs with small particle size and high dispersibility. The highly dispersed and small sized AgNPs in AgNPs/PDA/RGO composites is beneficial for electrocatalytic reduction of H2O2 due to more active sites available. To further evaluate the ratio of each components in AgNPs/PDA/RGO nanocomposites on H2O2 catalytic performance and confirm its prominent electrocatalytic activity, amperometric curve of different electrodes upon addition of 50 µM H2O2 was recorded. As seen from Fig. 5 , the faradic currents of H2O2 at electrodes of untreated and PDA/RGO, AgNPs/PDA/RGO, AgNPs/RGO modified electrodes are found to be 0.023, 0.094, 3.920 and 2.784 µA, respectively. The presence of PDA film and AgNPs gives a current of 1.136 and 3.826 µA, respectively, for H2O2 reduction, from the height difference of current between the above adjacent electrodes. Faradic currents obtained on AgNPs/PDA/RGO composites are the largest among all of electrodes, which shows potentials of AgNPs/PDA/RGO nanocomposites in constructing a highly sensitive H2O2 sensor. In addition, it can be observed that different electrodes have different starting currents. While the starting current in the amperometric curves is related to the current response of electrode in blank PBS solutions. Therefore, the different starting currents for the above four electrodes suggest that the current response of the above four electrodes in blank PBS solutions is different. This result is consistent with CV results observed in The effect of deposition time for AgNPs in preparing AgNPs/PDA/RGO nanocomposites on CV responses of H2O2 was studied to maximize the detection sensitivity, the results of which is presented in Fig. 6 . The cathodic currents of H2O2 increase apparently with increasing the deposition time from 60 to 120 s. With the further increase of deposition time from 120 to 240 s, the cathodic currents increase slowly on the contrary, indicating the low utilization efficiency of AgNPs at longer deposition time though more amount of AgNPs deposited. Therefore, from the point of view of lowcost and high catalytic efficiency, 120 s was used for deposition of AgNPs to prepare AgNPs/PDA/RGO nanocomposites. The inset is the relationship between the cathodic current at -0.5 Vand concentration of H2O2.
Amperometric responses of the AgNPs/PDA/RGO nanocomposites toward H2O2
Amperometric method was explored for electrochemical determination of H2O2. The currenttime curve was conducted to measure the electrochemical sensing performance of AgNPs/PDA/RGO electrode toward H2O2. Firstly, applied potential possibly affecting the current response of the fabricated enzyme-free H2O2 sensor was optimized. Fig. 8a shows the typical amperometric currents of AgNPs/PDA/RGO electrode to successive additions of 50 M H2O2 under different potentials. It is obvious that the current responses of 50 M H2O2 increase from -0.2 to -0.3 V and level off with the further negative shift of applied potential to -0.4 V. As well known, more negative potential will lead to poor selectivity for H2O2 reduction [35] , thus, -0.3 V is selected as optimal detection potential. Fig. 8b displays the amperometric currents of AgNPs/PDA/RGO electrode to successive additions of various concentrations of H2O2 into 0.1 M PBS (pH 7) under detection potential of -0.3 V. Amperometric reduction currents of H2O2 increasing stepwise with its concentration are obtained, with a response time of <3 s, suggesting a rapid response and high sensitivity of AgNPs/PDA/RGO nanocomposites to H2O2. Fig. 8c shows the response currents of AgNPs/PDA/RGO electrode as a function of H2O2 concentration. The obtained calibration curve of AgNPs/PDA/RGO electrode gives the following equation I(µA)=-7.7162-0.0099C (µM) with a correlation coefficient of 0.9975. The response to H2O2 exhibits a wide linear range with concentration from 5 µM to 9.97 mM with a detection sensitivity of 140 A mM -1 cm -2 (9.9 A mM -1 ). When the concentration is above 9.97 mM, its will deviate from the linear range. The possible reason is ascribed to higher concentration of H2O2 above than 9.97 mM will alter its adsorption mechanism on interface of AgNPs/PDA/RGO nanocomposites, leading to lower electrochemical reaction kinetics. The detection limit of AgNPs/PDA/RGO based H2O2 sensor is estimated to be 0.68 µM. The comparison of the analytical performance of AgNPs/PDA/RGO based H2O2 sensor with other Ag based hybrid nanomaterials previously reported is shown in Table 1 , in terms of detection potential, sensitivity, linear concentration range and limit of detection (LOD). As can be seen, the present sensor has better or comparable characteristics than most of the previously reported H2O2 sensors given in Table 1 . The linear range of AgNPs/PDA/RGO composites is only lower than that of Hb/AgNPs [43] based enzymatic and Ag@SiO2@Ag [47] based nonenzymatic H2O2 sensors, but is wider than most of the other sensors. The detection sensitivity and LOD value obtained in the present work is also on the top of performance among various Ag based hybrids. In addition, the relatively positive reduction potential applied has the possibility to eliminate interference of reductive substance possibly affecting the reduction current of H2O2.
From the above comparison, it can be concluded that the AgNPs/PDA/RGO nanocomposites can be utilized as an efficient platform for H2O2 detection with wide linear range, low detection limit, and high sensitivity and selectivity. The outstanding electrocatalytic activity of AgNPs/PDA/RGO nanocomposites can be ascribed to the following reasons: firstly, the coupling effect of PDA film makes small sized AgNPs dispersed uniformly on RGO surface, thus offering aboundant active sites and promoting the adsorption of H2O2 on electrode surface; secondly, the combination of conductive PDA/RGO support with metal AgNPs to form highly conductive AgNPs/PDA/RGO composites, enhance distinctly electron transfer between modified electrode and electrolyte. 
Reproducibility, repeatability, stability, and anti-interference ability of the AgNPs/PDA/RGO nanocomposites modified electrode
The reproducibility, repeatability and stability are important parameters for assessing the sensor performance. The reproducibility of the prepared AgNPs/PDA/RGO electrode was investigated from its current response to 100 M H2O2 using six electrodes prepared separately using the same methods. A 3.26% of relative standard deviation (RSD) was obtained, indicating an acceptable reproducibility of the fabrication method. The steady-state current response of 100 M H2O2 for consecutive measurement of 6 times was recorded at the same electrode to examine the repeatability. The obtained RSD was only 2.28%, suggesting excellent repeatability of the AgNPs/PDA/RGO electrode. The storage stability of the AgNPs/PDA/RGO electrode was evaluated by determining current response of 100 M H2O2 within a month. If not in use, the modified electrode was stored in room temperature. The results suggest that a 87% of its initial current was retained after intermittent usage for one month. Therefore, we can conclude that the AgNPs/PDA/RGO electrode exhibited good stability. The anti-interference property of the AgNPs/PDA/RGO electrode was investigated by comparing the current signals of H2O2 and possible interferent in physiological samples. Fig. 9 shows the amperometric responses of the AgNPs/PDA/RGO electrode to successive additions of 1 mM H2O2, 1 mM glucose, 1 mM dopamine (DA), 1 mM H2O2, 1 mM ascobic acid (AA) and 1 mM tyrosine in 0.1 M PBS at -0.3 V. As observed, a remarkable H2O2 signal was found compared to the other interferent e.g. glucose, DA, AA and tyrosine, and the presence of interference species nearly does not influence the current signal of added H2O2. Compared to H2O2, all interferent generated current responses less than 20%. Thus, the proposed AgNPs/PDA/RGO electrode exhibited outstanding selectivity.
Analysis of H2O2 in human serum samples
For evaluating the feasibility of the present method in real samples, electrochemcial detection of H2O2 in human serum using the AgNPs/PDA/RGO electrode was conducted. The serum samples were first ten-fold diluted with 0.1 M pH 7.0 PBS, and then spiked with different concentrations of H2O2. 15.28 M of H2O2 was found in the human serum samples. The recovery of H2O2 spiked into the human serum samples was measured with standard addition method. The determication results is shown in Table 2 . Obviously, the recovery and RSD results are acceptable, revealing the feasibility of the present method for electrochemcial detection of H2O2 in real samples. 
CONCLUSIONS
We report here a simple electrochemical strategy for preparing AgNPs/PDA/RGO nanocomposites. In these nanocomposites, the PDA plays a crucial role in obtaining small sized and highly dispersed AgNPs, which shows an enhanced electrocatalytic activities for reduction of H2O2. As an electrochemical sensing platform for H2O2, the performance of AgNPs/PDA/RGO nanocomposites was studied by different electrochemical techniques. The results showed that the AgNPs/PDA/RGO nanocomposites can be used as an enzyme-free H2O2 sensor with high detection, good sensitivity and low limit of detection. The linear concentration range of H2O2 was from 0.005 to 9.97 mM with a low detection limit of 0.68 M. In addition, common biological substances did not interfere with the electrochemical signal of H2O2. The successful application of AgNPs/PDA/RGO nanocomposites for determination of H2O2 is also demonstrated in human serum samples. The present work shows that the metal catalysts/graphene composites prepared with PDA as coupling agent represent a class of high efficient materials with electrocatalytic activities for enzyme-free detection of H2O2 for practical application.
